Plasma leakage in severe dengue has been postulated to be associated with skewed cytokine immune responses. In this study, the association of cytokines with vascular permeability in dengue patients was investigated. Human serum samples collected from 48 persons (13 with dengue fever, 29 with dengue hemorrhagic fever, and 6 healthy) were subjected to cytokines analysis by using Luminex Multiplex Technology. Selected serum samples from patients with dengue hemorrhagic fever sera and recombinant human cytokines were then tested for roles on inducing vascular permeability by treatment of human umbilical vein endothelial cells. Confocal immunofluorescence staining indicated morphologic alteration of human umbilical vein endothelial cells treated with serum samples from patients with dengue hemorrhagic fever compared with serum samples from healthy persons. The findings suggest that cytokines produced during dengue hemorrhagic infections could induce alterations in the vascular endothelium, which may play a fundamental role in the pathophysiology of dengue.
INTRODUCTION
Dengue is the most extensive vector borne infectious disease and a major source of public health concern in tropical and sub-tropical regions of the world. The Pediatric Dengue Vaccine Initiative has estimated that globally there are some 3.61 billion persons (55% of the world's population) are at risk for dengue, and there are approximately 36 million cases of dengue fever (DF) and 2.1 million severe dengue infections every year. 1 In Southeast Asia, by the late 1990s, dengue had become the most important mosquito-borne disease affecting humans after malaria, and there were approximately 40 million cases of DF and several hundred thousand cases of dengue hemorrhagic fever (DHF) each year. 2, 3 Because this disease affects persons of all ages, it has inevitably contributed to a substantial economic burden to society. 4 Dengue virus comprises four genetically distinct serotypes: dengue virus serotype 1, 2, 3, and 4 (DENV-1-DENV-4). Infection by any one of the dengue serotypes can cause a spectrum of illnesses ranging from clinically silent infection, mild febrile illness, and DF, to life-threatening DHF (grades I and II) or dengue shock syndrome (DSS) (grades III and IV). 5, 6 Increased vascular permeability, which leads to plasma leakage, has been demonstrated as the fundamental feature in DHF that implies damage to the vascular endothelium and induces major clinical complications; it is the critical stage of the disease that can cause hypovolemic shock (DSS). 5 Plasma leakage in DHF generally lasts no more than 48 hours and is usually follow by rapid complete recovery. 7 Consistent with the clinical course, plasma leakage in DHF occurs with a relative lack of tissue inflammation, suggesting that a transient change in factors that regulate vascular permeability in the physiologic state may be the mechanism of plasma leakage in the disease. 8 The pathogenesis of dengue is not fully understood, even though many studies have been conducted on its pathogenesis in the past few decades. This lack of understanding is caused mainly by the lack of an appropriate animal model that can precisely simulate dengue virus infections in humans. Recently, human umbilical vein endothelial cells (HUVEC) were identified as the central model used to understand infection and pathologic events during severe dengue. 8 Although increased levels of cytokines, such as interferons (IFNs), interleukin-2 (IL-2), IL-8, tumor necrosis factor-α (TNFα), and vascular endothelial growth factor A (VEGF-A), have been reported to be associated with enhancement of vascular permeability, the relative role of these cytokines in plasma leakage is not known. 9, 10 In this study, we investigated the effect of cytokines in dengue patient serum by using an in vitro model with HUVEC. We also performed confocal immunofluorescence analysis on the morphologic changes of HUVEC treated with serum samples from dengue patients and compared them with those of healthy donors. Our data suggest that cytokines produced during dengue hemorrhagic infections participate in the regulation of vascular permeability.
MATERIALS AND METHODS
Study participants. Forty-two persons (13 with DF and 29 with DHF) who were admitted to University Malaya Medical Center, Kuala Lumpur, Malaysia, for acute dengue infection, were recruited in this preliminary study of cytokine profiling in dengue patients. Blood samples were collected during acute, defervescence, and convalescence phases. Laboratory tests, including a dengue polymerase chain reaction, virus isolation, hemagglutination, IgM-capture enzyme-linked immunosorbent assay, and test for non-structural protein 1, were conducted for confirmation of dengue virus infection. 11 Persons were subsequently clinically diagnosed as either having DF or DHF by clinicians on the basis of World Health Organization criteria. 2 Hercules, CA) and the 2-plex panel kit (catalog no. XF0000ZG2Y) with the Bio-Plex suspension array system (Bio-Rad) in accordance to the manufacturer's protocol. Briefly, diluted serum samples (1:3 dilutions) were added into each of the 96-well filter plates containing multiplex beads. Plates were then placed on a micro-plate shaker and gently shaken in the dark for 30 minutes at room temperature. Plates were then washed three times with 100 μL of Bio-Plex wash buffer by vacuum filtration. Twenty-five microliters of antibodies to various cytokines was added and the plates were incubated in the dark for 30 minutes with gently shaking. After three washes, 50 μL of phycoerythrin-conjugated streptavidin was added and the plates were incubated for 10 minutes. Fluorescent signals were read by using a Luminex Machine (Bio-Rad). The analyte concentration was calculated by using software provided by the manufacturer.
Raw data was initially measured as the relative fluorescence intensity and then converted to cytokine concentration on the basis of a standard curve generated from reference concentrations supplied in the kit. The following cytokines were measured: IL-1β, IL-1 receptor antagonist (IL-1Ra), IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17, eotaxin, basic fibroblast growth factor (FGF-basic), granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), IFN-γ, IFN-γ-induced protein 10 (IP-10), monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory protein-1α (MIP-1α), MIP-1β, platelet-derived growth factor-ββ (PDGF-ββ), regulated-on-activation normal T-cell expressed and secreted (RANTES), TNF-α, and VEGF in the 27-plex assay; and IL-18 and intercellular adhesion molecule 1 (ICAM-1) in the 2-plex assay.
Cell culture. Human umbilical vein endothelial cells (American Type Culture Collection, Manassas, VA) were maintained in endothelial cell-based medium 2 (Lonza, Basel, Switzerland) supplemented with 10% fetal calf serum, and cultured at 37 C in an atmosphere of 5% CO 2 . For subculturing or experiments, cells were seeded into culture flasks or chamber slides that were pre-coated with 50 μg/mL of fibronectin (Roche, Mannheim, Germany). Pre-coating was performed by incubating flasks with 100 μL/cm 2 of 50 μg/mL of fibronectin and incubated at room temperature for 45 minutes. The solution was then removed and flasks were used immediately for cell culture.
Recombinant human cytokines. Recombinant human (rh) cytokines (rhIL-1ra, rhIL-9, rhMCP-1, rhRANTES, rhEotaxin, and rhIP-10) (R&D Systems, Minneapolis, MN) were used to test their effects on inducing endothelial cells permeability changes. All of these cytokines except rhIL-9 were selected on the basis of our findings that their levels were significantly increased (P 0.05) in DHF patients compared with healthy controls, and on their availability in the laboratory when the assay was performed. Although the level of IL-9 was increased in a DHF patient, there was no significant association (Appanna R and others, unpublished data).
Assay for endothelial cell permeability changes. The assay was performed to determine alterations in the distribution of two junctional complexes: adherens junction protein vascular endothelial cadherin (VE-cadherin) and endothelial tight junction protein zonula occludens-1 (ZO-1) after treatment of HUVEC with dengue patient serum samples and recombinant human cytokines. Briefly, endothelial cells were seeded onto eight-well chamber slides coated with fibronectin. The next day, serum samples from dengue patients (diluted in endothelial cell-based medium 2 at a ratio of 1:3) and rh cytokines (rhIL-1ra, rhIL-9, rhMCP-1, rhRANTES, rhEotaxin, and rhIP-10) at appropriate working concentrations were added and incubated for 3 hours at 37 C in an atmosphere of 5% CO 2 .
Cells were then subjected to immunofluorescence staining of VE-cadherin and ZO-1. For testing the effects of cytokineneutralizing antibodies on VE-cadherin and ZO-1, anti-human cytokine monoclonal antibodies were pre-incubated with culture medium in the chamber for 3 hours at 37 C before addition of rh cytokines. Working concentrations of rh cytokines and their respective cytokine neutralizing monoclonal antibodies (αh) (R&D Systems) were rhIP-10 (200,000 pg/mL), rhRANTES (800,000 pg/mL), rhMCP-1 (3,000 pg/mL), rhIL-1ra (20,000 pg/mL), rhEotaxin (1,500 pg/mL), rhIL-9 (6,000 pg/mL), αhIP-10 (20 μg/mL), αhRANTES (32 μg/mL), αhMCP-1 (0.9 μg/mL), αhIL-1ra (12 μg/mL), αhEotaxin (0.75 μg/mL), and αhIL-9 (12 μg/mL).
Immunofluorescence staining of VE-cadherin and ZO-1. The HUVEC were placed in cell chambers, washed three times with phosphate-buffered saline (PBS), and fixed with 2% paraformaldehyde (Sigma, St. Louis, MO) for 10 minutes. After three washes with PBS, cells were permeabilized with 0.1% Triton X-100 (BDH Laboratory Supplies, London, United Kingdom) for five minutes at room temperature. The cells were then blocked with 2% BSA for 30 minutes at room temperature before rinsing with PBS. Cells were then immunolabeled with purified mouse monoclonal anti-human ZO-1 antibody (BD Biosciences, San Jose, CA) (1:200 dilution of a 250 μg/mL stock) and rabbit monoclonal anti-human VE-cadherin antibody (Sigma) (1:100 dilution of a 1.0 mg/mL stock) and incubated for one hour at room temperature. After three washes with PBS, Alexa Fluor 488 goat anti-mouse IgG (heavy and light chains) (Invitrogen, Carlsbad, CA) and Alexa Fluorα 568 goat anti-rabbit IgG (heavy and light chains) with working dilution of 5 μg/mL were added to the cells and incubated for one hour. 4 ,6-diamidino-2-phenylindole (0.05 μg/mL) (Sigma) was added to the chambers for 5 minutes to stain nuclei, and the chambers were washed three times with PBS. Cells were then mounted with fluorescent mounting medium (Dako, Carpinteria, CA), and viewed under a laser confocal microscope (TCS SP5; Leica, Wetzlar, Germany).
RESULTS
Forty-two adults with confirmed dengue (13 with DF and 29 with DHF) and 6 healthy controls were selected for preliminary study of their cytokine profiles at different days of fever onset. All patients were given a clinical diagnosis of DF or DHF by a clinician on the basis of World Health Organization criteria. 2 The mean age of the patients was 29.3 years (range = 14-67 years), and there were 22 males and 20 females. Detailed clinical and laboratory data of all dengue patients were summarized as supplementary data. Blood collection was performed at 2-14 days of illness (mean duration of illness = 6 days). The mean of the defervescence phase was day 5 of illness (range = 3-7 days). The highest (70.45%) number of patients was in defervescence on days 4-6 of illness. IgM was detected in 39 patients. Dengue virus was detected in 32 patients (13 with DENV-1, 4 with DENV-2, 7 with DENV-3, and 8 with DENV-4), and dengue virus nonstructural protein 1 was detected in 27 patients.
The profile of 29 different type of cytokine levels was determined during the acute (2-3 days of illness), defervescence (4-6 days of illness) or convalescent ( 7 days of illness) phases in DF and DHF patients, as shown in Table 1 . Proinflammatory cytokines IL-18, anti-inflammatory cytokines IL-1ra, adhesion molecule ICAM-1, and chemokines Eotaxin, IP-10, MCP-1, MIP-1β, and RANTES were significantly increased in serum samples from DHF patients (P 0.05).
However, only IP-10, MCP-1, and MIP-1β were significantly increased in serum samples from DF patients. Cytokines that were significantly reduced in serum samples from DHF patients were pro-inflammatory cytokines IFN-γ, IL-5, IL-12, anti-inflammatory cytokines IL-4, and growth factors FGFbasic, G-CSF, PDGF, and VEGF. Pro-inflammatory cytokine IL-2, anti-inflammatory cytokine IL-13, and growth factor G-CSF were significantly decreased in DF patients.
Effects of cytokines on permeability of monolayers of HUVEC were accessed by treatment of HUVEC directly with *DF = dengue fever; DHF = dengue hemorrhagic fever; IFN-γ = interferon-γ; IL = interleukin; ICAM-1 = intercellular adhesion molecule 1; FGF-basic; = basic fibroblast growth factor; G-CSF = granulocyte colony-stimulating factor; PDGF = platelet-derived growth factor; VEGF = vascular endothelial growth factor; IP-10 = interferon-γ-induced protein 10; MCP-1 = monocyte chemoattractant protein 1; MIP-1β = macrophage inflammatory protein-β; RANTES = regulated-on-activation normal T-cell expressed and secreted. †P 0.05 (cytokines that showed significant difference between healthy persons and dengue patients). DHF patient sera. The reassembly of endothelial adherens junction proteins (VE-cadherin) and tight junction proteins (ZO-1) were observed by using confocal immunofluorescence (IF) techniques. Immunofluorescence staining showed that there were morphologic alterations of cultured monolayers of HUVEC treated with serum samples from DHF patients obtained at different phases of illness compared with serum samples from DF patients and healthy controls. (Figure 1 ). Monolayers of HUVEC were disrupted and had highly irregular shaped cells ( Figure 1A and B ) compared with normal morphology, which shows a cobblestone-like shape (Figure 1D and E) . Large gaps between the cells were observed, which indicated perturbations of ZO-1 and VE-cadherin proteins. Furthermore, this perturbation was more apparent in HUVEC treated with serum from DHF patients than with HUVEC treated with pooled recombinant human cytokines (Figure 2 ). Monolayers of HUVEC treated with serum samples from DF patients had similar morphology as cells treated with serum samples from healthy controls ( Figure 1C ).
Disarray of ZO-1 and VE-cadherin proteins was also observed in HUVEC treated with individual rh cytokines on the basis of the highest in vivo concentration of these cytokines detected in DHF patients. The degree of tight junction alterations was higher in cells treated with rhIL-1ra, followed by rhIP-10, rhEotaxin, rhRANTES, rhMCP-1, and rh-IL-9 (Figure 3 ). However, perturbation was less apparent compared with that in HUVEC treated with serum samples from DHF patients. This finding suggests that other cytokine factors in DHF patient serum contributed to full leakage of HUVEC.
Reassembly of endothelial junctional proteins was investigated by determining whether morphologic changes caused by cytokine factors were reversible. This was performed by conditioning HUVEC with respective cytokine-neutralizing antibodies, followed by treatment with recombinant human cytokines. Results showed that the initial distortion observed in HUVEC endothelial junctional proteins was reversible ( Figure 4 ). This finding indicates that increased vascular permeability does not cause morphologic damage to the vascular endothelium and that leakage is transient.
DISCUSSION
Vascular leakage is a major feature in patients who have DHF. Many factors have been reported to cause plasma leakage in severe dengue; among these are the cross-reactive memory T-cells activations, which induce proliferation and production of pro-inflammatory cytokines such as IFN-γ. These cytokines interact directly with vascular endothelium, resulting in plasma leakage. 13, 14 Although many studies have reported that the inflammatory response, cytokine storm, and activation of the complement system play a key role in the progression of severe clinical manifestation, identification of appropriate cytokine profiles, especially during the critical period of illness (defervescence stage) and its association with the progression of severe dengue, is not well established. 8, [15] [16] [17] [18] In this study, we attempted to demonstrate the effects of cytokines in serum of DHF patients by using an in vitro model of HUVEC. Although extensive studies have been conducted during the past several decades, the molecular mechanisms underlying vascular leakage in severe dengue remain unclear. The results could be extrapolated to explain the possible mechanism involved in alterations of vascular endothelium during dengue infection.
Plasma leakage often occurs in serosal tissues, which indicates that endothelial cells from the microvasculature are preferentially affected during the disease. 19 Rapid recovery from plasma leakage by patients with dengue suggests that endothelial cell alterations could be induced by serum inflammatory mediators. Cytokine storm, a result of severe dengue, has been proposed to play a central role in creating an endothelial sieve, which leads to plasma leakage. Crone reported that endothelial cells can dramatically alter their permeability in response to immune responses, particularly to cytokines such as TNFα, IFNγ, IL-6, and IL-8, and other pro-inflammatory cytokines. 20 Another study has also reported increased levels of VEGF-A as a potent permeability-enhancing cytokine in DHF. 21 Other cytokines such as IL-2 and RANTES have been reported in patients with DHF to regulate cell permeability, although the relative role of these cytokines in plasma leakage is not known. 22, 23 In this study, analysis of multiple cytokines in serum obtained from DHF patients showed an association between cytokine profiles and disease severity, and the major cytokines implicated are the inflammatory group and chemokines. Our investigations show a probable role of pro-inflammatory cytokines (IL-18, IFN-γ, IL-5, and IL-12), anti-inflammatory cytokines (IL-1ra and IL-4), adhesion molecule (ICAM-1), chemokines (Eotaxin, IP-10, MCP-1, MIP-1β, and RANTES), and growth factors (FGF-basic, G-CSF, PDGF, and VEGF) in DHF patients. The effect of serum from DHF patients on monolayers of HUVEC has further suggested that these cytokines might play an important role in the pathophysiology of the vascular disorder. Using selected individual human recombinant cytokines, we showed that markedly increase levels of IL-1ra, IL-8, MCP-1, IP-10, and RANTES would have perturbed organized cells in HUVEC and cause morphologic alterations in endothelial cells.
One limitation of this study was that only six rh cytokines were analyzed. Although the degree of permeability changes in monolayers of HUVEC and reversion of permeability were not quantified, preliminary findings in this study have demonstrated the effect of cytokines in increasing vascular permeability. Observations of highly irregular-shaped cells and large gaps between cells in monolayers of HUVEC treated with serum from DHF patients indicated perturbations of ZO-1 and VE-cadherin. Endothelial integrity is maintained mainly by adherens junction protein, in which the adhesive protein cadherin form predominates, whereas the connector protein ZO-1 is a marker of a tight junction and serves as a linker between the adherens junction and the actin cytoskeleton. 19 Observations of altered cells after treatment with serum from DHF serum treated HUVEC cells comparing to the untreated cells suggest that remodeling of the actin cytoskeleton, cadherin, and ZO-1 may be the molecular basis that underlies increased vascular permeability during DHF/DSS. In addition, our results also showed that the effect on vascular alteration was transient and reversible. These findings have further supported the characteristic feature of DHF, whereby capillary permeability changes occur without morphologic damage to capillary endothelium.
In summary, we showed that serum samples from DHF dengue patients induce alterations in the vascular endothelium, which may play a fundamental role in the pathophysiology of the disease. Our results also indicated that alterations were only transient. These findings suggest that production of cytokines during dengue significantly influence vascular permeability. We postulate that analysis of a broad range of cytokines and their correlation with endothelial damage would help in understanding dengue immunopathogenesis.
